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ABSTRACT
Histoplasma capsulatum (Hc) is a pathogenic fungus that causes one of the most
common invasive fungal respiratory diseases, Histoplasmosis. Histoplasma undergoes a
dimorphic shift from mold to yeast which is crucial to pathogenesis of the organism. The
thiol specific antioxidant gene, Tsa1, is strongly upregulated in the yeast (pathogenic)
morphotype. This data led to the hypothesis that this gene plays a role in protecting Hc
from host mediated oxidative attack. To characterize Tsa1 function, a knockdown strain
(tsa1-RNAi) was created by RNAi gene silencing. Expression of Tsa1 in the tsa1-RNAi
strain was reduced to 10% that of the wildtype TSA1(+). In this study Hc strains with
90% Tsa1 knockdown have decreased survival after infection in murine macrophages and
heightened sensitivity to the oxidizing agents paraquat dichloride and hydrogen peroxide.
Flow cytometry of these treated cells strained with the intercellular REDOX indicator dye
CM-H2DCFDA shows approximately 2.1 to 3.7 fold greater fluorescence intensity than
wild type cells. This result, indicating reduced clearance of ROS in tsa1-RNAi
knockdown cells, indicates Tsa1 has a role in maintaining redox homeostasis. Catalase
and superoxide dismutase, enzymes which help cells survive oxidative stress, show
decreased activity in Tsa1 knockdown cells as compared to wildtype. Evidence suggests
Tsa1 protects the Histoplasma yeast in the macrophage environment by resistance against
oxidative stress. Research is ongoing to determine HcTsa1 protein localization and
function. Understanding how these important fungal pathogens evade the host immune
system is critical to development of targeted antifungal therapies.
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- INTRODUCTION

Histoplasma capsulatum is the etiological agent of the pulmonary disease
histoplasmosis. Histoplasma is endemic to the Mississippi and Ohio River valleys and is
associated with soil contaminated with bird and bat droppings (Bigler 1981). The CDC
estimates that over half a million people are infected in the United States annually (CDC
2012). Symptoms of this respiratory disease include cough, shortness of breath and fever.
In individuals with a robust immune system the disease is typically self-limiting and may
present no symptoms (Graybill 1988). In immunodeficient individuals, such as those
undergoing chemotherapy, organ transplant or HIV patients, etc., the risk is even greater
for Histoplasma infections to become systemic and life threatening. It is estimated that
opportunistic fungal infections play a critical role in approximately 47% of deaths in
AIDS patients (Denning 2016).
Hc exists in two morphologies - in the environment (around 25 C) it is
found as a multicellular mold but after inhalation by a mammalian host it transitions to a
unicellular yeast at 37 C. The temperature-induced morphological switch from mold to
yeast is required for virulence as it allows Hc to colonize the alveolar macrophages
(Rappleye 2013). Macrophages are the first line of defense against microbial pathogens
(May 2015). Once yeasts are engulfed by these phagocytic immune cells, they are
exposed to several defense mechanisms employed by macrophages to eliminate
pathogens. One strategy is the release of superoxide anions through the activation of the
NADPH complex (Dantas 2010). Histoplasma’s ability to survive the macrophage
environment is crucial to pathogenesis (McEwen 2004). In addition to the change in
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morphology, differential gene expression specific to the yeast phase promotes survival in
the environment of the host. Identifying genes and characterizing their role in
detoxifying ROS will help define Histoplasma capsulatum’s ability to evade the host
immune response and could lead to targets for antifungal therapies. With evidence
becoming clear that climate change will likely increase the incidence of fungal
pathogens, considerable attention should be placed on research and development of
alternative antifungal strategies (Almeida 2019).

1.1 Reactive Oxygen Species
Oxidative stress occurs when levels of ROS are elevated due to cell metabolism
or exogenous sources such as within the macrophage. The ability of an aerobic microbe
to respond to oxidative stress is vital for survival in their environment (Cabiscol 2007).
ROS are molecules derived from reduction of molecular oxygen. When oxygen is
reduced by adding an electron, it results in the production of the superoxide anion O2-.
These anions can be spontaneously or enzymatically converted to hydrogen peroxide.
H2O2 is not highly reactive, but partial reduction of H2O2 in the presence of reduced
metals causes formation of a hydroxyl radical, a very strong oxidizer, that can cause
extensive cellular damage (Rhee 2001). Reduction of H2O2 occurs by several types of
peroxidases and enzymes that reduce hydrogen peroxide to H2O which will not harm the
cell (Cabiscol 2008).

2

1.2 TSA1
The focus of this study is to investigate the role of the thiol specific antioxidant
(HcTsa1) gene in the ROS response of Histoplasma capsulatum. Tsa1p is a 20-30 kD
enzyme that was initially isolated in yeast but is found to be conserved in organisms from
all kingdoms (Rhee 2001). Tsa1p belongs to a group of thiol-dependent peroxidases
called peroxiredoxins. Tsa1 is known to remove the peroxides from the cell, aiding in
protecting from oxidative stress. (Missall 2004). Enzymatic activity is dependent on
thiol groups from conserved N-terminal cysteine in the active site that has been shown to
utilize hydrogens from thiols in cysteine to reduce H2O2 to water. Tsa1 is the major
peroxiredoxin in the thioredoxin system protects that against oxidative stress by reducing
peroxides to harmless products (Rhee 2001).

3

Figure 1.1 ROS Stress Response Pathways in S. cerevisiae. The thioredoxin system is
highlighted by the red box. (reprinted from Herreo and Cabiscol 2008).

This system is composed of three enzymes, thioredoxin peroxidase (Tsa1p),
thioredoxin (Trx2p), and thioredoxin reductase (Trr1p) (Herrero 2008). Tsa1p is the
enzyme actively reducing ROS molecules and relies on the thioredoxins and thioredoxin
reductases as electron donors (Herrero 2008). Cytoplasmic thioredoxin reductase is an
enzyme that regulates the redox state of the thioredoxin system by reducing disulfides.
Thioredoxin is reduced by thioredoxin reductase in turn allowing Tsa1p to maintain a
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reduced form so it can convert peroxides into neutral byproducts (de Silva Dantas 2010).

Figure 1.2 Thioredoxin Pathway Mechanism diagramming electron flow in the
thioredoxin system. Thioredoxins (Trx1) reduces oxidized Tsa1 and Trx1 is reduced by
thioredoxin reductase (Trr1). (Image reprinted from A. de Silva Dantas 2010).
Variation in Tsa1p function, ranging from chaperone activity (Jang 2004) to H2O2
signaling (Iraquai 2009), is observed among several different species of yeast. In
Saccharomyces cerevisiae the cellular control of the redox state of the cell and ScTsa1
function has been well defined. In Saccharomyces cerevisiae the oxidant receptor
peroxidase 1 and yeast AP-1 (Orp1-Yap1) peroxide sensor has been elucidated as the
redox signaling system. Orp1 senses H2O2 when a specific cysteine residue is oxidized.
Oxidized Orp1 transduces this signal in Yap1 by inducing a disulfide bond formation.
Yap1 oxidation then causes transcriptional induction of thioredoxin and peroxidases.
Deactivation of Yap1 is caused by the recycling of its reduced form through the
thioredoxin pathway. (Rowelly 2003). Deletion of Tsa1 in S. cerevisiae is not lethal but
increases sensitivity to peroxides when compared to wildtype strains. Normal aerobic
growth was found to be significantly decreased in Tsa1 knockout mutants as well (Park
1999). ScTsa1p was also shown to function as a chaperone molecule in response to
increased oxidative stress (Trotter 2008). In another pathogenic dimorphic fungus,
Candida albicans, Tsa1p was characterized as being essential to oxidative stress defense.
5

As seen in S. cerevisiae more than one function of Tsa1 has been discovered. A study by
Urban et al. 2005, implicated the role of Tsa1 in cell wall biogenesis in addition to
providing protection from oxidative stress.

1.3 Catalase and Superoxide Dismutase
In Histoplasma capsulatum (Hc) the response mechanisms to ROS have not been
fully explained. In previous research it has been determined that Hc utilizes the enzymes
superoxide dismutase and catalase to eliminate extracellular ROS from alveolar
macrophages (Rappleye 2013). The SODs and catalases depend on the redox potential of
metal anions for catalytic activity. The Sod3 gene was found to promote Hc virulence by
detoxification of superoxide anions generated by host macrophages. Sod3 is secreted by
the yeast cells as extracellular defense since superoxide anions do not diffuse easily
across the cell membrane. Sod1 functions as the intracellular superoxide dismutase
detoxifying superoxide anions generated endogenously by aerobic respiration (Rappleye
2012). Two catalase enzymes act cooperatively in the yeast phase of Hc to neutralize
peroxide. The CatB enzyme confers extracellular resistance while the CatP enzyme is
intracellular. Studies have found when one of these genes are deleted that its function is
dispensable. Loss of both catalase genes however is detrimental to survival when cells are
challenged with oxidative stress (Rappleye 2012). Histoplasma homologues of ScTsa1,
ScTrr1, and ScTrx1 have been identified but their exact functions have not been analyzed.

6

1.4 RNA Interference Silencing
Homologous recombination gene deletion has proven to be labor intensive and
often unsuccessful in Histoplasma capsulatum which has a high rate of non-homologous
end joining. RNA interference silencing is a quick and efficient alternative to investigate
phenotypic changes after gene disruption. Interference is initiated by double stranded
RNA transcribed by the RNAi plasmid in vivo. The double stranded transcript is
identified as foreign and cleaved into fragments by the DICER complex. These small
RNA fragments guide the RNA induced silencing complex (RISC) to the mRNA
transcript which is then degraded. The RNAi vector is designed so that the strong
constitutive Hc Histone HB promoter drives expression of the inserted sequence which
forms a RNA hairpin (Youseff 2012). Gene knockdowns will never achieve 100%
inhibition of expression, but RNAi has shown to replicate the same phenotypes seen in
gene deletions (Rappleye 2004). Variation in levels of expression in knockdown target in
transformants is observed but the plasmid expression remains stable over several
generations.
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- PROJECT OBJECTIVES

1.Characterize the function of Tsa1 in the oxidative stress response of Histoplasma
capsulatum by creating a tsa1-RNAi mediated knockdown strain.

2.Compare sensitivity of knockdown strain to wildtype in conditions of oxidative stress
via growth curves in HMM media supplemented with H2O2 and paraquat dichloride.

3.Analyze induction of Tsa1, Trr1and Trx1 expression by qPCR analysis conducted on
wildtype, knockdown and null vector during a time course assay after exposure to
oxidative stress.

4. Compare enzymatic activity of catalase and superoxide dismutase in wildtype,
knockdown and null vector strains.

5.Infect RAW 264.7 murine macrophages with wildtype, knockdown and null strains to
test the hypothesis that Histoplasma cells with silenced Tsa1 gene will have decreased
survival in the macrophage environment.

6. Quantification of total intracellular ROS by flow cytometry in wildtype, knockdown
and null strains was used to compare effect of Tsa1 knockdown on redox state of the cell.
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– MATERIALS AND METHODS

3.1 Fungal Strains and Growth Conditions

Strain
Genotype
G186AR
wild type (ATTC# 26027)
WU 27
ura5-D32
USM 24
G186AS ura5-D32/ pLK6[URA5, TSA1-RNAi]
USM 25
G186AS ura5-D32/ pLK6[URA5, TSA1-RNAi]
USM 26
G186AS ura5-D32/ pLK6[URA5, TSA1-RNAi]
USM 27
G186AS ura5-D32/ pLK6[URA5, TSA1-RNAi]
USM 28
G186AS ura5-D32/pCR473[URA5, EMPTY]
Table 3.1 List of Histoplasma capsulatum strains used.

Other
Designation
WT, TSA1(+)
Tsa1-RNAi4
Tsa1-RNAi3
Tsa1-RNAi4.2
Tsa1-RNAi4.3
Null-RNAi

All yeast strains were grown in Histoplasma Macrophage Media (HMM) (10.7 g
Nutrient Mixture F-12 Ham (Sigma # N6760), 18.2 g D-Glucose, 1.0 g L-Glutamic acid,
5.96 g HEPES buffer, and 0.084 g L-cysteine; pH 7.5) at 37 ° C with shaking at 200
RPM. When cells reached mid-log phase (OD600 1.2-1.8), cells were transferred to fresh
media. Uracil auxotroph strains (TSA1(+)) were grown in HMM supplemented with
100µg/mL uracil. Strains containing the RNAi plasmid were grown without uracil to
provide selective pressure for the cells to retain the plasmid. Solid HMM plates contained
0.75% agarose autoclaved for 20 minutes, mixed with an equal volume of 2X HMM and
supplemented with 50 µg/mL ampicillin (Sigma) and 100 µg/mL streptomycin (Sigma).

3.2 RNAi Knockdown Construction
Construction of the RNAi knockdown vector was completed using URA-5 based
vector pCR473 kindly provided by Chad Rappleye (Ohio State University). Targetspecific gene primers were designed to generate two DNA fragments of the gene HcTsa1
9

with restriction sequences to correctly orient the fragments during cloning. The RNAi
construct is driven by the strong constitutive histone-2B promoter. Inverted copies of the
targeted HcTsa1 gene will produce a stem-loop RNA in vivo to activate the RNAi system
of the cell to destroy the HcTsa1 transcript. The Kanamycin resistance gene is used for
selection during E. coli propagation but is cut out when linearized by digesting with PacI
during preparation for electroporation. Selection of the successful RNAi vector
incorporated into Hc cells is facilitated by presence of a URA5 gene when electroporated
into WU27 Hc cells lacking URA5.

PH2B
TEL
URA5

gfp

cI
As

eI
oI e I
X h A g Sp

tsa1

PacI

tsa1

TEL

gfp

PacI

TSA1 RNAi Vector

Kan

Figure 3.1 Tsa1 RNAi knockdown vector
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Name
Genotype
pLK4
TOPO: TSA1 Forward Frag RNAi
pLK5
TOPO: TSA1 Reverse Frag RNAi
pLK6
pCR473 + pLK4 Ligation
pLK7 URA5, TSA1 RNAi (pLK4 + pLK5 + pCR473)
Table 3.2 Plasmid List. List of plasmids used during cloning and electroporation.

AscI

AGGCGCGCC

XhoI

CGCTCGAG

AgeI

GCACTAGT

SpeI

GCACCGGT

Table 3.3 Adaptors Lists the artificial adaptors sequences added to Tsa1 RNAi primers to create cut
sites with restriction enzymes for cloning.

TM

Set 1
Forward ATAGGCGCGCCCTCCATTCTCTCATCCTGCTGTA
Reverse GCGCGCTCGAGAAAATATCACTCCAACCGTCTCTTC

72C
71.7C
TM

Set 2
Forward CTGCACTAGTCTCCATTCTCTCATCCTGCTGTA
Reverse CAGCACCGGTAAAATATCACTCCAACCGTCTCTTC

68.6C
69.6C

Table 3.4 Tsa1 RNAi Primer Sets Lists of oligonucleotides design to create targeted TSA1 gene
fragments with adaptor sequences underlined.

Using primer set 1 and 2, inverted Tsa1 fragments were amplified with
polymerase chain reaction that yielded the expected product size of ~1100 bp. DNA
fragments were designed with the entire HcTsa1 genomic DNA sequence (GenBank
accession number: AF312927).
Each fragment was cut sequentially with is respective restriction enzyme and
confirmed by gel electrophoresis. Bands were excised from an agarose gel after
11

electrophoresis and purified using ZymocleanTM Gel DNA Recovery Kit. Tsa1 fragments
were cloned into Invitrogen OneShotTM TOP 10TM E. coli cells with TOPO TA Cloning
Kit. ChromoMax IPTG/X-GAL solution was used for screening on solid LB plates
supplemented with ampicillin antibiotic according to the manufacturer’s directions.
White colonies were selected and incubated at 37ºC overnight. ZyppyTM Plasmid
Miniprep Kit was used to elute the plasmid per manufacturer protocol. Clean fragments
were cut with restriction enzymes appropriate for the adaptor sequence (Table 3.3) and
ligated sequentially into the RNAi vector pCR473. Ligations were cloned into Stbl2TM E.
coli cells with TOPO TA Cloning Kit. After screening and incubation, plasmids were
isolated via miniprep as noted above. Plasmids were linearized with PacI (NEB)
restriction enzyme and the resulting fragments were analyzed via agarose gel
electrophoresis to confirm all fragments were successfully ligated. DNA was recovered
from the gel and then electroporated into WU27 Hc cells using a Gene Pulser Xcell
(BioRad) with a 0.1 cm electroporation cell at the following optimized settings: 750 V,
50 F, and 150 . After electroporation cells were plated on solid HMM without uracil
to select for colonies containing plasmids with URA-5 gene. Six independent colonies of
the tsa1-RNAi vector were identified - four of which contained a successful RNAi
knockdown vector as shown in Figure 4.2.
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3.3 Null Vector Control
Using the same protocol and Hc strains as described above (section 3.2), an empty
RNAi knockdown vector was electroporated into WU27 cells. The “empty” vector
contained only inverted copies of the green fluorescent protein (Gfp). Wildtype
Histoplasma does not contain a copy of the Gfp gene so no phenotypic change should be
observed. Electroporating null RNAi silencing vector into the cells served as a control
strain to distinguish sequence specific gene silencing from possible non-specific silencing
potentially caused by RNAi machinery.

PH2B

cI

iAs

TEL
URA5

gfp

eI
oI e I
X h A g Sp

tsa1

PacI

tsa1

TEL

gfp

PacI

TSA1 RNAi Vector

Kan

Figure 3.2 Null Vector

3.4 Paraquat Dichloride Dose Response Assay
To determine the quantity of stressor required to inhibit the growth by half (IC50 ),
a dose response assay was performed with paraquat dichloride. TSA1(+), tsa1-RNAi, and
null-RNAi strain Hc cells were grown to mid-log (OD600 1.2-1.8) then diluted to OD600
0.1. Two-fold dilutions of paraquat dichloride was added to a final volume of 50 µl cell
culture in each well of a 96-well plate to yield 32.0 µg /mL, 16.0 µg/mL, 8 µg/mL, 4
13

µg/mL, 2 µg/mL, 1 µg/mL, 0.5 µg/mL, 0.25 µg/mL, 0.125 µg/mL 0.062 µg/mL and
0.031 µg/mL final concentrations of paraquat dichloride. OD600 readings were recorded
on the 4th day after incubation at 37°C. GraphpadTM software was used to determine half
(IC50) of the maximum inhibitory concentration of paraquat dichloride.

3.5 Growth Curves
To determine if the RNAi construct might cause a possible growth defect, a
growth curve was conducted of cells exposed to 1 IC50 (0.67µM) concentration of
paraquat dichloride. Flasks were inoculated with wildtype, null vector and tsa1-RNAi
knockdown strains to achieve an initial OD600 reading of 0.1. OD600 readings were
recorded for 5 days to compare growth of each strain. Additionally, TSA1(+), tsa1-RNAi,
and null-RNAi sensitivity to peroxides were observed by supplementing HMM with
H2O2 in 2.5µM, 5µM, and 7.5µM final concentrations. Flasks were inoculated with Hc
cells to a final density of 0.1 OD600 units. OD600 readings were recorded for 5 days to
compare growth of each strain.

3.6 Protein Extraction
Cultures were grown to mid-log from TSA1(+), tsa1-RNAi and null-RNAi
strains. Five ml aliquots of cell culture were removed and treated with 5µL of
cycloheximide (50µg/mL in ethanol) to halt protein synthesis. The tubes were centrifuged
at 500 x G for 5 minutes at room temperature. Each supernatant was discarded, and
pellets were re-suspended in 12mL of cold water. Tubes were centrifuged again at 500 x
G for 5 minutes, then the pellet was re-suspended with 2 mL of cold water. Equal
14

volumes were transferred to 1.5mL screw-cap tubes and were centrifuged at 500 x G for
2 minutes. After the supernatants were removed, 200uL of glass beads (0.5mm dia.
BioSpec Products Cat. No. 11079105), 600µL Protein Extraction Buffer (60mM
Na2HPO4, 40mM NaH2PO4, 10mM KCl, 1mM MgSO4) and 6µL HALT-Protease
Inhibitor (Thermo-Fisher) were added to each tube. Tubes were then placed on ice for 5
minutes to equilibrate temperature then cells were disrupted with a Bead-Beater for 20
seconds at 4.0m/s, followed by 1-minute resting on ice. Alternate cycles were performed
4 times. Fifteen microliters of 20% SDS was then added to each tube and incubated on
ice for 5 minutes. Tubes were then centrifuged at 10,000 x G for 5 minutes at 4°C. The
supernatant was transferred to clean microfuge tubes and stored at -80°C. Protein samples
were quantitated using a Bradford assay with BSA (Bovine Serum Albumin, BioRad)
standard protein.

3.7 Catalase and Superoxide Dismutase Assays
Catalase activity was determined by quantifying the rate at which each strain
degraded hydrogen peroxide. A final concentration of 10mM H2O2was prepared by
diluting 33% hydrogen peroxide (Sigma) with 1x PBS. For each strain, protein was
diluted to 8µg in a total volume of 200µL in 50mM Na-phosphate buffer (7.5pH). Diluted
protein tubes were placed on ice for 5 minutes to equilibrate. 800µL of 10mM H2O2 in
Na-phosphate buffer was added and tubes were immediately placed on ice after which the
absorbance was read. Catalase activity was calculated from OD240 and OD595 absorbance
readings. Absorbance was measured at OD240 and OD595 every 5 seconds for 5 minutes
for each sample.
15

A superoxide dismutase assay was performed using Cayman Chemical
Superoxide Dismutase Assay Kit. Eight micrograms of TSA1(+), tsa1-RNAi and null
vector strains were analyzed for SOD activity using manufacturer assay protocols and
standards.

3.8 Macrophage Infection
RAW264.7 murine macrophages were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 50 µg/mL
ampicillin and 100 µg/mL streptomycin. Macrophages were cultured in T-75 cell culture
flasks with 20mL of 1x DMEM until 80% confluency. Interferon-gamma cytokine
activated and resting murine macrophages were used for co-infection. TSA1 (+) Hc was
grown with media containing uracil. Strains containing the RNAi plasmid were grown
without uracil to provide selective pressure for the cells to retain the plasmid. Cell were
incubated at 37 C with 5% CO2 to 95% air. Pre-warmed trypsin was added to
macrophage cultures to release adherent cells. Harvested macrophages were then
counted by hemocytometer, diluted to a density of 5 x 104 cells per well and then seeded
into 24-well tissue culture plate. Macrophages were incubated for 24 hours and then were
infected with TSA1(+) tsa1-RNAi, and null-RNAi strains of Hc with a multiplicity
(MOI) of 1:1, 1:10, 1:50 to each well. TSA1 (+) was grown with modified Histoplasma
macrophage media (HMM-M, +ura) containing uracil. Strains containing the RNAi
plasmid were grown without uracil (HMM-M, -ura) to provide selective pressure for the
cells to retain the plasmid. The cultures containing Hc and murine macrophages were
incubated overnight to allow the macrophages to phagocytize the Hc yeast cells. The
16

following morning, media was removed, and the bottom of each well was scraped for 40
sec with a pipet tip to lyse the macrophages. The wells were washed with removed media
to ensure nearly all macrophages were broken and well suspended. Lysate from each
well was plated on Histoplasma macrophage medium (HMM) plates and incubated at 37
C for 7-14 days. Hc colonies were counted, and survival of strains compared.

3.9 Phagocytosis and Phagocytic Index
Raw 246.7 macrophages were plated in 6-well plates containing 18mm poly-Llysine coated cover slips. A total of 5mL of cells – diluted with DMEM + 10% FBS to a
final concentration of 5x104 cells/mL – was added to each well. Macrophages were
incubated for 24-hours or until they reached 80% confluency. Mid-log TSA1(+), tsa1RNAi, and null-RNAi Hc cells in 10mL aliquots were centrifuged at 500 x G for 5
minutes then washed three times with 1x PBS. Hc yeasts were stained by adding 4uL of
NHS Rhodamine (Thermo Scientific) to cells re-suspended in 10mL of 1x PBS to
achieve a final concentration of 40ug/mL Rhodamine. Cells were incubated with the stain
in the dark at 25°C for 30 minutes. After incubation, cells were washed three times with
1x PBS and re-suspended in HMM-M. Hc yeast were enumerated by hemocytometer and
diluted with HMM-M to achieve a MOI=1:5(m:Hc). Macrophages were removed from
the CO2 incubator; the media was removed by vacuum and cells were washed three times
with 1x DPBS. Macrophages, infected with stained Hc cells, were incubated in 5% CO2
at 37 C for 2 hours. After incubation, the wells were washed with 1x PBS three times.
Equal volumes of formaldehyde solution (1mL 37% formaldehyde:9mL 1x DPBS) was
added to each well for 15 minutes at 25 C to fix the cells. Wells were washed with 1x
17

PBS three times to remove formaldehyde solution. Ten microliters of mounting medium
(VECTASHIELD® HardsetTM Antifade Mounting Medium, Ref:H-1400) was added to a
clean glass slide and the coverslip was gently placed on top facedown. Mounting medium
was allowed to set for 10 minutes and sealed by pipetting 20µL of clear nail polish
around edges of coverslip. Slides were allowed to dry for 24-hours then stored at 4ºC in
the dark until ready for imaging by confocal microscopy. A Zeiss confocal microscope
was used to acquire images of macrophages and rhodamine stained Hc. Differential
interfering contrast (DIC) and the far-red laser (650nm) were used during microscopy and
images were captured at 100x magnification with an oil immersion objective lens. The
number of Hc and macrophages were counted in at least eight different random fields per
well from 3 replicate wells. Phagocytosis percentage was calculated by dividing the
number of macrophages with internalized yeast cells by the total number of macrophages
per field. Phagocytic index was calculated by the average number of yeasts inside
individual macrophages per field.

3.10 Detection of Intracellular Reactive Oxygen Species
A fresh 5mM working dilution of CM-H2DCFDA ROS detection fluorescent dye
(Life Technologies, InvitrogenTM, C6827) was prepared for each experiment. Dilutions
were prepared by adding 20µL of DMSO to 50µg of CM-H2DCFDA. TSA1(+), tsa1RNAi, and Null-RNAi cells were grown to mid-log then separated into two 10mL
volumes per strain for dye and non-dyed cells. Cells in polypropylene microcentrifuge
tubes were centrifuged at 500 x g for 5 min. then washed with 1x PBS three times. The
cells are enumerated by hemocytometer to achieve a 1x107 cells/mL. Addition of 4µL of
18

5mM stock CM-H2DCFDA to 10mL of dilute cells was used as the 10µM CMH2DCFDA loading buffer. Cells were incubated in the dark at 37 C for 45 minutes then
centrifuged at 500xG for 5 minutes and washed 1x PBS three times to remove dye that
was not internalized by the cell. Propidium iodide (PI, Abcam) was added in 100µg/mL
concentration without washing cells, 5-10 minutes before flow cytometry. PI was used in
gating to exclude dead cells from analysis that absorbed the dye.
A total of 200,000 events were analyzed by flow cytometry on BD LSRFortessa
Cell Analyzer. PI fluorescence was read with the 488nm blue laser, with 685nm LP
(longpass) and 695/40nm BP (bandpass) filters. CM-H2DCFDA also used the blue
488nm laser, with FITC 505nm LP and 530/30 BP filters. Compensation of any
overlapping fluorescent peaks was analyzed in the BD FACDIVA software. The mean of
fluorescent peaks and statistical analysis was performed in FLOWJO v10 software.

3.11 Time point paraquat exposure extraction and qPCR
TSA1(+), null vector and tsa1-RNAi strains were grown to mid-log (OD600 1.2-1.8).
Cultures were divided into five portions and one MIC (minimum inhibitory
concentration) of paraquat dichloride was added. RNA extractions were performed at 0
minutes, 15 minutes, 30 minutes, 60 minutes and 120 minutes. Extracts were treated with
DNAse to remove DNA contaminants and then were used to synthesize cDNA with the
Maxima First Strand DNA synthesize kit (ThermoFisher) according to the manufacturer’s
directions. Complementary DNA was analyzed by quantitative real-time PCR using
primers designed to target HcTsa1, HcTrr1 and HcTrx. Data was normalized with the
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house-keeping gene Histone H3 and relative expression of each gene was determined via
the ΔΔCt method.
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– RESULTS
4.1 Tsa1 is upregulated in Histoplasma yeast.

TSA1 Expression in Mold vs Yeast
Relative expression
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Figure 4.1 Yeast and Mold Tsa1 expression. qRT-PCRs were performed on wildtype mold and
yeast strains (WU27). Histone H3 was used as a normalizer gene using the ΔΔct method. Data from
triplicates replicates are graphed as mean ±standard deviation. Statistical analysis is performed with a oneway ANOVA. **=p<0.01

Figure 4.1 shows expression of Tsa1 in the wildtype yeast morphotype was 8-fold
upregulated as compared to wildtype mold.
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4.2 Tsa1 RNAi mutant - ~90% knockdown
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Figure 4.2 Knockdown transformant expression Knockdown strains 3, 4, 4.2 and 4.3
expression reduced to 50, 83, 90 and 88 percent of the wildtype expression. qRT-PCRs were performed on
wildtype, knockdown and null-RNAi strains. Histone H3 was used as a normalizer gene using the ΔΔct
method. Data from triplicates replicates are graphed as mean ±standard deviation. Statistical analysis was
performed with a one-way ANOVA (***p<0.001, ****p<0.0001)

All tsa1-RNAi strains were viable indicating it is not essential for growth. In
Figure 4.2, tsa1-RNAi 3, 4, 4.2 and 4.3 strain’s expression were reduced to 50%, 83%,
90% and 88% of the wildtype strain, respectively. tsa1-RNAi 4.2 transformant displayed
the highest knockdown of HcTsa1 expression. All experiments were performed using this
strain unless stated otherwise. The null-RNAi control had no significant difference in
expression of Tsa1 compared to the wildtype strain expression. To ensure the knockdown
strains did not lose efficiency of the RNAi inhibition of Tsa1 expression, qPCR analysis
of HcTsa1 expression was periodically performed.
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4.3 Tsa1 knockdown yields growth defect
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Figure 4.3 Rich and Minimal Media Growth Curve. Tsa1 knockdown strains show
significant growth inhibition in rich medium (HMM) and minimal nutrient media (3M). * = p< 0.05.
Statistical analysis performed with two-way ANOVA.

Growth curves of TSA1(+) and tsa1-RNAi yeast where conducted in rich medium
(HMM) and minimal medium. Growth was monitored in minimal nutrient media to
mimic the nutrient limited environment of the macrophage phagosome. After 2 days of
growth in rich and minimal media a significant decrease was observed in tsa1-RNAi
growth as seen in Figure 4.3.
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4.4 Tsa1 knockdown is more sensitive to ROS
Paraquat Dichloride Dose Response Assay

A.
120

Relative Histoplasma Growth
(% of control)

TSA1(+)
tsa1:RNAi 4.2

100

B.

tsa1:RNAi 4

Null:RNAi

80

1.8

n.s.
p = 0.9627

1.5

IC50 (mg/ml)

60
40
20

1.2
0.9

*

p £ 0.01

*

p £ 0.01

TSA1(+)
tsa1:RNAi 4.2
tsa1:RNAi 4
Null:RNAi

0.6
0.3

0

0.0

0.01

0.1

1

10

100

Log10 [paraquat] (mg/ml)

Figure 4.4 Dose Response Assay. A. Paraquat dichloride dose response curves for Histoplasma
yeast wildtype, tsa1-RNAi4 and tsa1-RNAi4.2 and null vector strains. B. Half maximum inhibitory
concentration of paraquat for wildtype, tsa1-RNAi4, tsa1-RNAi4.2 and null vector strains. One-way
ANOVA used for statistical analysis.

The IC50 paraquat concentrations for TSA1(+), tsa1-RNAi4.2, tsa1-RNAi4 and
Null-RNAi, shown in Figure 4.4 (B), were 0.67µM, 0.12µM, 0.15µM, and 0.61µM,
respectively. Concentrations were calculated with the Prism Graphpad dose-response
analysis from logarithmic growth curves in Figure 4.4 (A). Sublethal wildtype IC50
concentration was using for all other experiments with paraquat dichloride.
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0.6 mM Paraquat Dichloride Growth Curve
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Figure 4.5 Paraquat Growth Curve TSA1(+), tsa1-RNAi, and null vector strains inoculated into
HMM with 0.67 µM. Absorbance reading were collected every 24 hours for 4 days. Two-way ANOVA
used for statistical analysis. *= p<0.05 analysis of TSA1(+) vs. tsa1-RNAi.

Significant growth inhibition was observed in each timepoint after addition of
paraquat dichloride as shown in Figure 4.5. No significant change was observed between
TSA1(+) and null-RNAi growth.
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4.5 Tsa1 is required for resistance to hydrogen peroxide

Figure 4.6 Hydrogen Peroxide Growth Curve TSA1(+), tsa1-RNAi, and null vector strains
inoculated into HMM with no treatment or 2.5 µM, 5 µM, or 7.5 µM H2O2. Absorbance reading were
collected every 24 hours for 4 days. Two-way ANOVA used for statistical analysis. *=p<0.05.

Sensitivity of tsa1-RNAi increased proportionately when supplemented with
higher concentrations of hydrogen peroxide as shown in Figure 4.6. No significant
change in growth was observed in the null-RNAi strain.
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4.6 ROS Induced Tsa1, Trx1 and Trr1 expression
Tsa1 Expression
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Figure 4.7 PQ induced Tsa1 relative expression in TSA1(+) and tsa1-RNAi strains. Histone
H3 was used as a normalizer gene using the ΔΔct method. Data from triplicates replicates are graphed as
mean ±standard deviation.

Figure 4.8 PQ Induced Relative Trx1 and Trr1 expression A. Trx1 relative expression in
TSA1(+) and tsa1-RNAi strains. Histone H3 was used as a normalizer gene using the ΔΔct method. Data
from triplicates replicates are graphed as mean ±standard deviation. B. Trr1 relative expression in

TSA1(+) and tsa1-RNAi strains. Histone H3 was used as a normalizer gene using the ΔΔct method. Data
from triplicates replicates are graphed as mean ±standard deviation.
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Tsa1 expression after exposure to 0.6µM paraquat dichloride is shown in Figure
4.7. Real-time qPCR shows Tsa1 highest expression in TSA1(+) one hour after addition
of PQ. The knockdown strain shows some Tsa1 induction at the 0.25-hour time point and
reduced expression at all other timepoints after addition of PQ. As shown in Figure 4.8
(A)Trx1 and (B)Trr1 expression after paraquat challenge was reduced in both genes.
However, there is restoration of near wildtype level expression in Trr1 at the half hour
timepoint.

4.7 Catalase and superoxide dismutase activity is reduced in Tsa1 knockdown

Peroxide Degradation
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Figure 4.9 Peroxide Degradation (240nM) TSA1(+), tsa1-RNAI, and null-vector peroxide
degradation rate measured by change in absorbance (240 nm) over time.
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Figure 4.10 Degradation Rate and Catalase Activity A. Hydrogen peroxide degradation rate
in mmol/min of TSA1 (+), tsa1-RNAi4, tsa1-RNAi 4.2 and null-vector. B. Relative catalase activity
(U/min/mL) of TSA1(+), tsa1-RNAi4, tsa1-RNAi 4.3 and null-vector. One-way ANOVA used for
statistical analysis.
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Figure 4.11 Superoxide Dismutase Activity Superoxide dismutase activity of TSA1(+), tsa1RNAi and Null-RNAi. Activity calculated with linear regression (Figure A.1) from protein standard
supplied by Cayman Chemicals Superoxide Dismutase Kit. One-way ANOVA used for statistical analysis.
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Total superoxide dismutase activity of TSA1(+), tsa1-RNAi, and null-RNAi is
shown in Figure 4.11. SOD activity decreased 2.64-fold in the knockdown strain as
compared to wildtype. No significant change is observed in the null-vector strain.
4.8 Tsa1 loss of function strains are killed more efficiently by macrophages.
A.

B.

Figure 4.12 Murine Macrophage Co-Infection Survival of TSA1(+), tsa1-RNAi, and null
vector strain yeast post infection in resting and IFN𝑦 murine macrophages at 1:1 (A), 1:10 (B)and 1:50 (C)
multiplicity of infection. Data is graphed as mean  standard error of the mean (SEM) of triplicate
experiments. Statistical analysis was performed using a 2-way ANOVA followed by a multiple
comparisons test.
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C.

Figure 4.12 (continued) Murine Macrophage Co-Infection Survival of TSA1(+), tsa1RNAi, and null vector strain yeast post infection in resting and IFN𝑦 murine macrophages at 1:1 (A), 1:10
(B)and 1:50 (C) multiplicity of infection. Data is graphed as mean  standard error of the mean (SEM) of
triplicate experiments. Statistical analysis was performed using a 2-way ANOVA followed by a multiple
comparisons test.

Survival in resting and activated macrophages of tsa1-RNAi was impaired
in all multiplicities of infection as shown in Figure 4.12. When macrophages were
infected with Hc at 1:1 MOI in resting macrophages, 57% lower tsa1-RNAi CFU’s were
recovered than wildtype as shown in Figure 4.12 (A). In activated macrophages further
reduction was seen at 84% tsa1-RNAi CFUs recovered. In Figure 4.12 (B), 1:10 MOI
shows 71% lower CFUs enumerated in resting and 83% lower in activated. Finally, in
1:50 MOI in Figure 4.12 (C), we observed 52% lower CFUs in resting and 89% decrease
in activated when compared to wildtype CFUs.
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4.9 Tsa1 RNAi vector does not affect phagocytosis rate in macrophages

Figure 4.13 Phagocytosis Confocal Microscopy Confocal microscopy of rhodamine dyed Hc
cells phagocytized my macrophage. Images are captured at 100x magnification with oil immersion. A. Red
laser (645nm); B, brightfield; C, merged.
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Figure 4.14 Percent Phagocytosis and Phagocytic Index A. Percent Hc phagocytized by
resting macrophages B. Average number of Hc yeast per macrophage. Data is graphed as standard error of
the mean (SEM) with one-way ANOVA used for statistical analysis.

As shown in Figure 4.14, no significant change was observed in the rate that tsa1RNAi yeast and null-RNAi yeast are phagocytized when compared to wildtype in
confocal imaging. Figure 4.13 displays a representative image of confocal microscopy
used to analyze phagocytosis rate and phagocytic index. This data confirms that
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decreased survival of tsa1-RNAi after lysis in macrophage was not caused by the RNAi
plasmid inhibiting phagocytosis by murine macrophages as shown in Figure 4.14.
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4.10 Intracellular Reactive Oxygen Species Increases in with Tsa1 Loss of Function

A.
TSA1(+)

B.
TSA1(+)

tsa1-RNAi

Null-RNAi

Figure. 4.15 Intracellular ROS after 0.6µM Paraquat Dichloride Exposure
Histogram of mean intensity of DCFDA florescence measured by flow cytometer with FITC laser
(645nm). A. Change TSA1(+) and tsa1-RNAi intracellular ROS after 1 hr exposure to paraquat dichloride.
B. TSA1(+) and null-RNAi intracellular ROS after 1 hr paraquat exposure.
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Figure 4.16 Paraquat ROS Fold Change. Fold change in DCFDA peak intensities measured by
flow cytometry. Fluorescence intensity was read with FITC laser and analyzed in FlowJo Software. Fold
change data was statistical analysis was determined using one-way ANOVA in Graphpad Software. (***
p=0.000
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The fluorescent intensity peaks of the ROS indicator dye in TSA1(+), tsa1RNAi and null-vector yeast cells was represented as histograms in Figure 4.15. A 2.1fold change increase of tsa1-RNAi intracellular ROS as compared to wildtype is shown in
Figure 4.16 after addition of 0.6µM paraquat. Yeast exposed to paraquat dichloride
displayed the lowest cell count in the live population compared to hydroperoxide
intracellular ROS experiments.

B.

A.

TSA1(+)

TSA1(+)

Null-RNAi

tsa1-RNAi

Figure.4.17 Intracellular ROS for 2.5 µM H2O2 Exposure Histogram of mean intensity of
DCFDA florescence measured by flow cytometer with FITC laser. A. Change TSA1(+) and tsa1-RNAi
intracellular ROS after exposure to 2.5 µM H2O2. B. TSA1(+) and null-RNAi intracellular ROS after
2.5µM H2O2 exposure.
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Figure 4.18 2.5µM H2O2 Induced Fold Change. Fold change in DCFDA peak intensities
measured by flow cytometry. Fluorescence intensity was read with FITC laser and analyzed in FlowJo TM
Software. Fold change data statistical analysis was determined using one-way ANOVA in Graphpad
Software. (**** p<0.0001)

The fluorescent intensity peaks of the ROS indicator dye in TSA1(+), tsa1RNAi and null-vector yeast cells was represented as histograms in Figure 4.17. Figure
4.18 shows a 3.7-fold change increase of tsa1-RNAi intracellular ROS as compared to
wildtype after being challenged with 2.5µM H2O2. No significant increase in intracellular
ROS was observed in null-RNAi. A larger live cell population was observed in the flow
cytometry analysis of 2.55µM H2O2 compared to higher concentrations of hydroperoxide
and paraqua
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A.
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Null-RNAi

tsa1-RNAi

Figure 4.19 Intracellular ROS for 5 µM H2O2 exposure histogram of mean intensity of
DCFDA florescence measured by flow cytometer with FITC laser. A. Change TSA1(+) and tsa1-RNAi
intracellular ROS after exposure to 5 µM H2O2. B. TSA1(+) and null-RNAi intracellular ROS after 5µM
H2O2 exposure.
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Figure 4.20 5µM H2O2 Induced Fold Change. Fold change in DCFDA peak intensities
measured by flow cytometry. Fluorescence intensity was read with FITC laser and analyzed in FlowJo
Software. Fold change data statistical analysis was determined using one-way ANOVA in Graphpad
Software. (**** p<0.0001)

The fluorescent intensity peaks of the ROS indicator dye in TSA1(+), tsa1RNAi and null-vector yeast cells was represented as histograms in Figure 4.19. Figure
4.20 shows a 2.5-fold change increase of tsa1-RNAi intracellular ROS as compared to
wildtype after being challenged with 5µM H2O2. No significant increase in intracellular
ROS was observed in null-RNAi.
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Figure.4.21 Intracellular ROS for 7.5 µM H2O2 Exposure Histogram of mean intensity of
DCFDA florescence measured by flow cytometer with FITC laser. A. Change TSA1(+) and tsa1-RNAi
intracellular ROS after 1hour exposure to 7.5 µM H2O2. B. TSA1(+) and null-RNAi intracellular ROS after
1 hour 7.5µM H2O2 exposure.

Figure 4.22 7.5µM H2O2 Induced Fold Change. Fold change in DCFDA peak intensities
measured by flow cytometry. Fluorescence intensity was read with FITC laser and analyzed in FlowJo TM
Software. Fold change data statistical analysis was determined using one-way ANOVA in GraphpadTM
Software. (*** p<0.0002)
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The fluorescent intensity peaks of the ROS indicator dye in TSA1(+), tsa1-RNAi
and null-vector yeast cells was represented as histograms in Figure 4.21. Figure 4.22
shows a 1.6-fold change increase of tsa1-RNAi intracellular ROS as compared to
wildtype after being challenged with 7.5µM H2O2. No significant increase in intracellular
ROS was observed in null-RNAi.
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– DISCUSSION AND CONCLUSIONS
Explaining the mechanisms Histoplasma capsulatum uses to survive and replicate
in the host is essential to understanding its success as a pathogen and developing targeted
therapies for treatment of histoplasmosis. Previously in the Shearer Lab, the yeast
specific gene Tsa1 was isolated by subtractive cDNA library enriched for yeast-specific
genes. Quantitative real-time PCR revealed that Tsa1 is upregulated 8-fold in the yeast
morphology when compared to mold. This data prompted the question, if HcTsa1 is
highly upregulated in the pathogenic phase does it contribute to the virulence of the
organism? This upregulation correlates with the function expected in Tsa1 in the yeast
morphotype as it surmounts oxidative stress challenges from the host immune cells. After
inhalation by a mammalian host, the yeast is quickly engulfed by alveolar macrophages
where it must survive in this inhospitable environment to establish infection. In
Saccharomyces, studies have shown that Tsa1 has multiple functions to protect the
organism from DNA damage. Apart from detoxifying peroxides, chaperone activity has
been observed after exposure to heat shock and oxidative stress (Jang 2004). With
Histoplasma’s morphology shift being induced by increase in temperature from 25°C to
37°C another explanation for yeast phase upregulation of HcTsa1is that it might function
as a heat shock protein. However, expression in Hc heat shock proteins such as Hsp60
and Hsp70, are highly elevated after an hour exposed to 37°C and return to basal levels
around 6 hours (Cleave 2017). Heat-shock proteins are typically defined as genes
temporarily induced to adjust to the new environmental temperature. HcTsa1, in contrast,
maintains high expression continually in the yeast morphotype indicating that the gene is
not a typical heat-shock responsive element.
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After successful knockdown strains were isolated on selective media, quantitative
real-time PCR was used to confirm inhibition of Tsa1 expression. The independent
transformant, tsa1-RNAi 4.2, with the highest efficiency of knockdown (approx. 90%)
was used in all experiments unless stated otherwise. The null-RNAi strain that contains
an empty vector had no significant change in Tsa1 expression confirming that inhibited
expression was specific only to the gene of interest. This strain was maintained and used
in all experiments as a control to ensure that phenotypic change is solely contributed to
RNA interference silencing.

Growth deficiency in rich medium shown in Figure 4.3 indicates HcTsa1 may
counteract accumulated ROS byproducts from aerobic respiration. In S. cerevisiae, Tsa1
was required for normal aerobic growth. ScTsa1 loss was accompanied by increase in
genetic mutations due to high levels of endogenous ROS (Grant 2014). Even greater
growth deficiencies in minimal media implicate tsa1-RNAi should have decreased
survival after phagocytosis by macrophages as the minimal media simulates the limited
nutrient environment of the phagosome (Tavares 2005). The ability to restrict nutrients
from the phagosome is considered a nutritional immunity in activated macrophage
(Brechting 2019).

Histoplasma strains with Tsa1 this dramatic knockdown of expression
demonstrated increased sensitivity to oxidative stress as observed in literature review of
other Tsa1 mutant yeast species (Choi 2005, Urban 2005, Park 1999). Sensitivity to the
superoxide anion generating chemical paraquat dichloride was proportionate to the
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amount of Tsa1 expression (Figure 4.4). The transformant tsa1-RNAi 4 with expression
reduced 83% and tsa1-RNAi 4.2 at 90% had IC50 PQ concentrations at 1.2µM and 1.5µM,
respectively as would be expected from if sensitivity was directly proportional to Tsa1
functional transcript levels. Growth defects were also seen with the addition of increasing
concentrations of hydrogen peroxide (Figure 4.8). Quantitative real-time PCR data
revealed that the highest Tsa1 induction in TSA1(+) was one hour after exposure to
0.6µM paraquat dichloride (Figure 4.7). A 5-fold increase in expression was observed at
0.25-hour post PQ exposure in the knockdown strain. This temporary increase in the
knockdown strain may be caused by decreased efficiency in the RNAi silencing plasmid
after high expression of Tsa1 was induced by rising intracellular ROS levels. From the
significant phenotypic changes recorded in further experiments this temporary induction
in the knockdown strain does not restore wildtype function. Time point expression of
Trx1 and Trr1 in tsa1-RNAi shows overall reduced response to stress compared to
wildtype. In the thioredoxin system Tsa1 relies on Trx1 to maintain its reduced form and
Trx1 similarly relies on Trr1(de Silva Dantes, 2010). Disruption of one of these genes
could be causing imbalance of intracellular redox state. In Candida, Trx1 or thioredoxin
has been defined as a regulator of signal transduction pathway responding to ROS (da
Silva Dantes, 2010). In Hc inhibited expression after ROS exposure might also mean
disruption of relay signals that lead to activation of stress response pathways during high
levels of H2O2.

Diminished activity of SOD and catalase in tsa1-RNAi (Figure 4.11,4.12)
suggests that HcTsa1 may have multiple functions apart from directly reducing H2O2.
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Although the exact mechanism is not yet determined, loss of other antioxidant activity
suggest HcTsa1 works in cooperation with these genes. In Saccharomyces, ScTsa1 is
observed to function as a hydroperoxide sensor mediating the intracellular redox level
through cell signaling (Grant 2014). HcTsa1 mutants may be defective at signaling rising
levels of peroxides to activate stress response pathways in the cell. In Figure 4.10 (B) the
catalase activity in knockdown strain was dramatically reduced. Degradation of H2O2
occurred rapidly during this assay so transformant tsa1-RNAi 4.2 and tsa1-RNAi 4 were
both used to potentially rule out timing from skewing results. From this it was observed
that the knockdown strain with lower expression at 90% also had lower catalase activity
than tsa1-RNAi 4 at 83% reduced expression. From this assay we conclude that the
catalase activity decreases proportionately with decreased Tsa1 expression. Overall the
knockdown mutant decrease in antioxidant activity indicates it is involved in an
intracellular signaling pathway to regulate response to hydrogen peroxide.

Intracellular ROS was measured by CM-H2DCFDA which can permeate cell
membranes and is fluorescent green upon oxidation. An increase in the mean fluorescent
peaks between TSA1(+) and tsa1-RNAi is seen after the addition of various
concentrations of H2O2 and IC50 paraquat dichloride. In Figure 4.18, after addition of 2.5
µM H2O2, a 3.7 increase fold change is observed. Live cell counts decrease as higher
peroxide concentration are added. In Figure 4.20, after 5µM H2O2 challenge, a 2.5-fold
change is seen and 1.6-fold change after 7.5 µM H2O2 in Figure 4.22. After 1-hour
incubation with PQ tsa1-RNAi increased 2.1-fold higher than TSA1(+). A Chi-squared
T(X) statistical analysis was performed in FlowJo software. All mean peaks compared
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between wildtype and knockdown reported a T(X) > 4 which is deemed mathematically
significant. This data supports the model that Tsa1 has a role in removal of intracellular
ROS as hydroperoxide is not being cleared from cells efficiently. It is not yet known
whether this is due to disfunction in H2O2 scavenging via peroxidase activity by Tsa1 or
by ROS induced signal transduction. Protein analysis and cellular localization can further
reveal the exact mechanism that allows HcTsa1 to facilitate resistance to oxidative stress.

Survival of tsa1-RNAi yeast after plating from macrophage lysate was inhibited
in all three multiplicities of infection tested. Even lower CFU numbers were recovered
when macrophages were activated with mouse interferon-gamma cytokine. INF- γ is
pivotal in the activation of macrophage adaptive immune response (Brechting 2019). As
macrophages are challenged with greater fungal burden at higher multiplicities there is a
slight increase in CFUs. Phagocytosis assays showed that there was no significant
difference in between number of Hc cells of each strain being engulfed by the
macrophages (Figure 4.15). This confirms that the addition of the RNAi silencing
plasmid does not interfere with rate of phagocytosis. As preliminary studies predicted,
loss of HcTsa1 function impaired optimal survival in the macrophage environment. The
decrease in survival observed is supported by all data showing a heightened sensitivity to
oxidative chemicals and deficiency in clearance of intracellular reactive oxygen species.

Future directions for this project would begin with protein analysis of HcTsa1p to
determine if it is directly responsible for oxidative stress resistance. This study is limited
to only mRNA data and it is still unknown whether resistance is contributed to direct
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oxidation or global control of oxidative stress. A protein oxidation assay can be
performed on the HcTsa1 protein to determine oxidation activity after addition of
stressors. Additionally, a florescent tag or FLAG-tag could be added to the gene so that
cellular localization of the protein can be monitored to further elucidate whether it acts as
intracellular or extracellular protection from oxidative stress. A Tsa1 overexpression
yeast strain could be created to determine if overexpression of the gene will increase
resistance to oxidative stress. Identifying the role Tsa1 plays in macrophage survival and
oxidative stress will provide insight on the mechanisms Histoplasma uses to successfully
evade the host immune response and potentially lead to development of alternative
antifungal strategies.
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APPENDIX A- STANDARDS

Catalase Degradation Optimization Standards.

Figure A.2 SOD Linear Regression Linear regression from protein standard supplied by
Cayman Chemicals Superoxide Dismutase
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APPENDIX B - PRIMERS
Real Time PCR Primer List
Gene
Name
H3
Tsa1
Trr1
Trx1

Forward Primer

Reverse Primer

(5’ – 3’)

(5’ – 3’)

TGGTAAGGTCCCTCGTA
AGC
AATGTTGACGAGAAGGA
GTTG
GATTACAAGTGCGGGAT
CTG
GACTCCATCGTCCAAAC
CA

GGAGTTTGCGGATGAGGA
G
CACAGTCGGGTGGGATAA
T
CCCATGTTACACATCTAT
CTTCTC
GAAGGAGGTGCGGTCTTT

Table B.1 Real-Time PCR Primers
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Product
Size
110
154
194
202
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